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Renal hemodynamics and oxygen consumption during post-
isehemic acute renal failure in the rat. Acute renal failure in the
rat was induced by occluding the left renal artery for 1 hour. The
kidneys were examined 1, 3, 10, and 40 days after temporary
isehemia. Inulin clearance was essentially zero in oligoanuric
kidneys on days I and 3, and regained 14% and 63% of the con-
trol value on days 10 and 40, respectively. Mean cortical blood
flow remained almost constant at 75% of control up to day 10 and
normalized subsequently on day 40. Renal oxygen consumption
during anuria on days 1 and 3 was 53% and 46% of the control
value and increased thereafter concurrently with the restoration
of renal function. With a single linear correlation being assumed
to exist between sodium reabsorption and oxygen consumption
for all kidneys, the sodium transport estimated from oxygen con-
sumption on day I was about 40% of control value. The dif-
ference between the sodium transport calculated from oxygen
consumption and that from mulin clearance decreased with time
in the recovery phase. The results indicate only a partial reduc-
tion of GFR due to the reduced blood flow in this model. The
data are consistent with the hypothesis that tubular leakage and
tubular obstruction play an important role in the loss of renal
function during the manifestation of acute renal failure.
Hemodynamique rénale et consommoation d'oxygène au cours
de l'insuffisance rénale aigue post-ischémique chez le rat. L'in-
suffisance rénale aiguë a été obtenue chez le rat par l'occlu-
sion de l'artère rénale gauche pendant une heure. Les reins
ont été examines 1, 3, 10, et 40 jours après l'ischdmie tempo-
raire. La clearance de l'inuline était nulle pour les reins oligo-
anuriques les ler et 3éme jours et atteignait 14% et 63% des va-
leurs contrôles aux lOème et 40ème jours. Le debit sanguin cor-
tical moyen est resté presque constant a 75% des valeurs con-
trôles jusqu'au l0ème jour et s'est normalisé au 40ème jour. La
consommation rénale d'oxygène au cours de l'anurie, les ler et
3ème jours, dtait de 53% et 46% des valeurs contrôles puis a
augmenté en méme temps que Ia fonction rénale s'améliorait.
Dans I'hypothèse d'une corélation linéaire unique entre Ia réab-
sorption du sodium et Ia consommation d'oxygêne pour tous les
reins le transport de sodium, évalué a partir de la consommation
d'oxygène, le ler jour, était de 40% des valeurs contrôles. La
difference entre les transports de sodium calculés a partir de Ia
consommation d'oxygène et a partir de la clearance de l'inuline a
diminué en fonction du temps au cours de Ia récupération. Ces
résultats indiquent une diminution partielle de GFR du fait de Ia
diminution du debit sanguin dans ce modèle. Les résultats sont
en accord avec l'hypothèse selon laquelle la fuite tubulaire et
l'obstruction tubulaire jouent un role important dans Ia perte de
Ia fonction rCnale au cours de l'insuffisance rénale aiguë.
Acute renal failure (ARF) in human subjects, as-
sociated with acute damage of the renal paren-
chyma and with loss of renal excretory function, is
frequently initiated by an ischemic episode. The
damage is generally reversible [1, 2]. A variety of
pathophysiologic processes related to loss of kidney
function, such as reduction of GFR due to dimin-
ished cortical blood flow [3-5], tubular obstruction
[6-8], and backflow of filtrate from leaky tubules
[8-10], have been experimentally demonstrated.
These abnormalities, which have been reviewed in
detail [1, 11-131, depend to some extent on the pro-
cedure by which ARF is produced. Opinions differ,
however, as to the relative importance of different
pathogenetic factors in the maintenance of sup-
pressed renal functions.
In this study, unilateral ARF in the rat was pro-
duced by occluding the left renal artery for 1 hour.
The object of these experiments was to measure the
local distribution of kidney blood flow, renal oxy-
gen consumption, and renal excretory functions
during different stages of ARF. Oxygen consump-
tion by the damaged kidney may provide further in-
formation about transtubular sodium transport,
which cannot be evaluated unequivocally by the
clearance techniques [14], and may also reveal en-
ergy consuming processes involved in the recovery
of functions.
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General. Observations are reported on 41 male
Wistar rats weighing 200 to 300 g each, of which 8
served as controls. In the remaining animals, renal
ischemia was produced by complete occlusion of
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the left renal artery for 1 hour as previously de-
scribed [15]. They were divided into four groups ac-
cording to time of study, in days, following tempo-
rary ischemia: 1 day (N = 8), 3 days (N = 9), 10
days (N = 10), and 40 days (N = 6). One day prior
to the study, the rats were fasted overnight, but had
free access to water. The animals were anesthetized
with mactin (100 mg/kg of body wt) and placed on a
heated operating table. Catheters were inserted into
the trachea, jugular vein, carotid artery, and femo-
rat artery. Blood pressure was recorded from the
carotid artery with a pressure transducer. A saline
solution containing 1% inulin and 0.1% p-amino-
hippurate (PAH) was infused at a rate of 3.75 mI/hr
into the jugular vein starting 90 mm before begin-
ning clearance measurements. After a flank in-
cision, the left kidney was freed from connective
tissue and placed in a plastic (Lucite) cup. The
space between kidney and cup was padded with sa-
line-soaked cotton balls. The kidney surface was
covered with cellophane foil in which two or three
holes of 0.1-mm diameter were punched for in-
sertion of microelectrodes. The foil was covered
with a high-viscosity silicone oil (100 Poise, PTMS
10000, Th. Goldschmidt, Essen). A cannula was
placed in the left ureter.
At the beginning of each experiment, tubular
transit time was determined microscopically after
injecting a 50-pi bolus of 3% lissamine green V solu-
tion. Because the dye is known to enter the neph-
rons of normal kidneys only by filtration and is not
reabsorbed [16], occasional leakage in proximal tu-
bules was indicated by a decrease in color intensity
of the dye bolus during its passage through the
proximal convolutions. Usually two urine samples
were collected at 30-mm intervals each, and arterial
blood samples (0.3 ml) were taken at the midpoints
of urine collection. Plasma and urine were analyzed
by conventional colorimetry for the concentration
of inulin, PAH, and urea (urease test-combination,
Boehringer, Mannheim). Sodium concentrations
were measured by a flame photometer. Hemoglobin
and hematocrit were determined in arterial blood
according to standard techniques.
To determine the renal arteriovenous difference
in oxygen saturation, we collected 0.1-ml blood
samples from the femoral artery and renal vein.
Blood from the renal vein was obtained by punc-
turing it with a ground pipette (50 jni O.D.). The
samples were analyzed for Po2 and pH in a micro-
measuring device (Radiometer, BMS 3 MK 2, Co-
penhagen). Determination of oxygen saturation was
based on a nomogram for rat blood according to
Bork et al [17]. Because the values for blood pH
remained constant during the course of the experi-
ments and P02 measurements could be performed
with platinum microelectrodes in renal vessels (see
below), only about four blood samples were ana-
lyzed in this manner in each experiment.
Local and compartmental blood flow in renal
tissue was measured by the hydrogen clearance
technique as described below. Hydrogen concen-
tration in the tissue was generated by allowing the
animals to breathe through a mask a mixture of 80%
hydrogen and 20% oxygen along with atmospheric
air from a bubble chamber system. The change in
hydrogen tension was measured with platinum mi-
croelectrodes in renal tissue and in hilar vessels
after removing the hydrogen source. The electrode
was connected to a holder and mounted on a micro-
manipulator (Leitz, Wetzlar). For local measure-
ments, the electrodes were inserted into the renal
cortex opposite to the hilus and moved in equidis-
tant steps toward the medulla. At the end of the ex-
periment, hydrogen clearance determinations in the
renal vein were combined with a measurement of
total kidney blood flow by a noncannulating electro-
magnetic flowmeter device (Carolina Medical Elec-
tronics FM 501, North Carolina).
The weights of both kidneys were determined af-
ter draining them for about 2 sec to remove blood
from large vessels. Subsequently, the kidneys were
divided by frontal section into two pieces and im-
mersed in a 5% formalin solution for histological
fixation. Tissue samples were prepared for paraffin
embedding, and sections were cut at 6 j.tm and
stained with hematoxylin and eosin. Data are pre-
sented as the means 5D. Statistical comparisons
were done by using the unpaired t test after a pre-
liminary test for homogeneity of variance.
Platinum microelectrodes. Methods, materials,
and instruments for constructing the platinum mi-
croelectrodes used in this study were the same as
those described by Leichtweiss et al [18], with the
following modifications. Platinum wire, 100 j.m in
diameter and 30 mm in length, was sharpened elec-
trolytically to a tip diameter of 1 m. The wire was
inserted into a drawn glass pipette (1 mm O.D., 120
mm length) with a closed tip, and sealed to the sur-
rounding glass with an electrically heated coil. The
electrode was ground on a rotating disk (Hampel,
Frankfurt) to produce a sharp tip of 3 to 5 pm in di-
ameter. The platinum core at the tip was etched
electrolytically to give a glass recess of about 5 m,
which was then filled with a polymer membrane
(Primal AC-35, Dekryl Chemie, Frankfurt). Oxygen
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and hydrogen tension could be measured with these
electrodes by polarizing them against a silver/silver
chloride reference electrode at —0.6 and +0.3 volt,
respectively. The electrode currents (10—s to 10'
amp) were measured with nanoampere meters
(Knick, N 23, Berlin). For Po2 measurements, the
electrodes were calibrated in saline solutions at 37°
C and equilibrated with pure nitrogen, 10% oxygen,
and 20.9% oxygen. The electrode current was al-
ways a linear function of Po2. Oxygen-independent
current was less than 2% of the maximal value. At
times, the slope of the calibration curve varied dur-
ing the course of biological measurements. Lineari-
ty of anodic current with PH2 has been demonstrated
elsewhere [19].
Hydrogen clearance. A discussion of the basic
theory for evaluation of tissue blood flow by inert
gas clearance and the demonstration of the appli-
cability of molecular hydrogen as an indicator have
been given by Aukland, Bower, and Berliner [19].
Accordingly, local hydrogen concentration in the
tissue ([H2]) is given by
[H2J = H2j0et
where t and f denote time after removal of hydrogen
from arterial blood, and blood flow per unit time
and tissue weight (volume), respectively. Local per-
fusion rate in the tissue surrounding an electrode
can be derived analytically from the electrode cur-
rent, which is a linear function of hydrogen ten-
sion (concentration). Hydrogen desaturation in
the renal artery, which had a half time of about 2
sec, was recorded to ensure an appropriate input
signal. During the experiments, the monoexpo-
nential nature of tissue hydrogen clearance was
confirmed with a calculator. Occasional deviation
from the monoexponential course indicated non-
homogeneous blood flow in the surrounding tissue,
due either to tissue compression by the electrode or
to the nearness of a large vessel. Such data were
excluded from analysis, and if necessary the mea-
suring electrode was replaced by a new sharp one.
This method, however, fails to detect closed re-
gions about the electrode that are totally deprived
of blood circulation [19]. The hydrogen concen-
tration in the renal vein can be derived from the
hydrogen concentration and blood flow in tissue
elements, and is given by
ILl 1 — (cc —1 . 'c'ru 1 c
—f1t11121t, vein iiwt Ltui2Jt , !11w1e
where w1 is the weight of ith tissue element having a
homogeneous perfusion rate of f1. A program for
analysis of exponential and amplitude parameters
from multiexponential data according to Proven-
cher [20] (personal communication) was adapted for
the computer (IBM 370-168). It performed a grid
search in parameter space for least-square solution
and analyzed the resultant parameters for standard
error from the estimated variance-covariance ma-
trix. Hydrogen clearance data from the renal vein
could be resolved into 2 to 4 compartments with
different flow rates. For practical purpose, how-
ever, only the fast-flow compartment correspond-
ing to renal cortex gave a reliable value for blood
flow (SEM <5%).
Compartmental analysis of renal venous hydro-
gen clearance provided a powerful tool for esti-
mating perfusion of the whole renal cortex within a
short time. Further, it excluded any deterioration of
renal circulation by virtue of the measurement it-
self. But, the precision of estimating mean cortical
blood flow by use of the fast compartment flow rate,
which does not give an arithmetical mean of its
component values, decreased with increasing in-
homogeneity of renal cortical perfusion and with in-
creasing overlap of blood flow values between cor-
tex and medulla.
Oxygen tension ,neasurements. In addition to
measuring Po2 in blood samples as mentioned
above, Po2 in renal artery and renal vein were eval-
uated by puncturing them with platinum microelec-
trodes. The absolute values were obtained by cali-
brating the electrodes immediately before and after
the measurement. Because of the steeper slope of
the oxygen saturation curve in the measured range
of renal venous Po2 (53 to 67 mm Hg) than in that of
arterial Po2 (75 to 85 mm Hg), greater precision was
required for Po2-measurement in the renal vein.
Better estimates of renal venous oxygen saturation
were achieved by an alternative procedure that was
less sensitive to Po2-calibration and that utilized the
shape of the oxygen saturation curve. For these
measurements, oxygen concentration in the arterial
blood was increased by allowing the rats to breathe
pure oxygen for 20 to 30 sec. During this time, Po2
in the renal vein achieved a constant value. The
evaluation of this measurement was based on the
assumption that an increment of oxygen concentra-
tion in arterial blood for a short time would influ-
ence neither renal oxygen consumption nor renal
blood flow (see below). Hence, the oxygen concen-
tration of renal venous blood would increase by the
same amount. The fractional rise of Po2 in renal
venous blood due to a constant increment in its oxy-
gen saturation is, however, a function of its initial
saturation. Due to the sigmoid shape of the oxygen
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saturation curve, the fractional rise of Po2 increases
monotonically with initial saturation when the intial
value lies above 50%. The oxygen load in arterial
blood was calculated from its Po2 values by ac-
counting for physically dissolved oxygen. For a giv-
en oxygen load and renal venous pH, initial oxygen
saturation in renal venous blood was determined
graphically from the fractional rise of Po2. A correc-
tion was necessary for a small change of pH in renal
venous blood resulting from oxygenation. This
method may be illustrated by an example. Assum-
ing Po2 in renal venous blood to be 58, 60, or 62 mm
Hg and to have a pH of 7.4, its oxygen saturation
amounts to 87.4, 88.7, or 90%, respectively. An in-
crement in oxygen saturation of 8% in this blood
would increase its Po2 to 75, 80, or 87 mm Hg. It is
much easier to discriminate between two values
from resultant increments in renal venous Po2 of 29,
34, or 41% than from Po2 values of 58, 60, or 62 mm
Hg.
The validity of the oxygen load method for the
determination of oxygen saturation in renal venous
blood was confirmed by comparing these measure-
ments with those obtained directly using calibrated
electrodes and by blood sample analysis. Renal
blood flow measured with the flowmeter was also
not influenced by the brief oxygen load necessary
for the measurement. This method had a clear ad-
vantage over the others because the results are
more reproducible, there is no loss of blood, and a
measurement is complete within 30 sec.
Results
Various data on renal function of the different
groups of rats are given in Table 1. The experimen-
tal kidneys of the 1 day (1D) group were anuric,
whereas in a few cases a small urine flow could be
measured in the 3-day (3D) group. In these kidneys,
i.v. injected lissamine green dye regularly arrived
at the early proximal convolutions, but the stain
faded during its passage through the proximal con-
volutions. This phenomenon which indicates frank
tubular leakage, was more uniform and pronounced
in the 1D than in the 3D group, and it was not no-
ticeable in the other groups. In the 10-day (lOD)
group, urine flow was highly variable, with values
ranging from 20 to 200% of the mean control value.
At this time, mean inulin clearance was 14% of the
control value. No significant correlation was found
between urine flow and inulin clearance. In the ex-
perimental kidneys of the 40-day (40D) group, inulin
clearance and urine flow were both about 65% of
the control value. In one experimental kidney from
the 1OD group, all measured values except kidney
weight were within the range observed in the 40D
group. Histologic sections of the contralateral kid-
ney from this rat showed a marked hydronephrosis
indicating impaired excretory function. The weight
of the experimental kidney increased continuously
by as much as 70% above normal on day 10 after
temporary ischemia, and decreased subsequently
to the control value by day 40.
Histologic examination of the postischemic kid-
neys revealed the following alterations. Necrosis of
tubular epithelium in the renal cortex was wide-
spread in the 1D and 3D groups. Some cortical and
medullary tubules were filled with casts in the 1D
group, whereas in the 3D group the intratubular
casts were dense and more frequent. In the 1OD
group, scattered casts were observed in the region of
thin Henle's loops except in one kidney with higher
Table 1. Renal parameters at different times after temporary ischemiaa
Controls 1 D 3D 10 D 40 D
ProxTT,sec
LoopTT,sec
Urine flow, pJImin1OOg bw
(U/P)1
C1, pJ/min1OOg bw
(CNjCI,Jl03
CPAICIaC/C1
(kw/bw) 102, experimental
(kw/bw)102, contralateral
Body wt,g
MAP,mmHg
12.9
29.0
1.42
295
392
6.6
2.6
0.33
0.50
0.51
271
120
1.8 (8)
5.8 (8)
0.32 (16)
62 (16)
66 (16)
1.9 (16)
0.4 (13)
0.13 (8)
0.02 (8)
0.03 (8)
34 (8)
7(8)
95 41 (3)b
—
0.03(2)
—
—
—
0.53 0.04 (8)b
0.54 0.06 (8)
271 28(8)
118 6(8)
88 20 (5)'
—
0.15 0.17 (4)C
8 2 (4)c
—
3.2 (2)
—
0.59 0.08 (9)e
0.64 0.07 (9)C
248 51(9)
120 7(9)
27.3 11.7 (l0)C
44.2 21.0 (l0)b
1.14 0.63(20)
78 42 (20)e
54 39 (20)'
7.5 4.9 (10)
3.1 0.8 (20)b
0.36 0.14 (10)
0.85 0.10 (10)e
0.68 0.08 (10)C
241 34(10)
121 6(10)
11.6
25.6
0.91
270
248
5.0
2.7
0.19
0.49
0.81
288
117
1.5 (6)
5.5 (6)
0.34(12)c
111 (12)
88 (12)C
2.8 (10)
0.9 (12)
0.05 (5)c
0.10 (6)
0.08 (6)C
20 (6)
6(6)
a All values are the means SD. Parentheses contain the numbers of measurements. Abbreviation are D, days after 1-hr renal artery
occlusion; Prox TT, transit time of lissamine green from renal capillaries up to superficial late proximal tubules; Loop TT, transit time of
the dye from late proximal to early distal tubules; kw, kidney weight; bw, body weight; and MAP, mean arterial pressure.
b P < 0.05, significantly different from control value.
P < 0.01, significantly different from control value.
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Fig. 1. Local blood flow in control kidneys (1.2 to 1.3 g) mea-
sured by driving Pt-microelectrodes to different depths. Division
of kidneys into two cortical zones (CI, CII), a zone of corticome-
dullary junction (C-MJ), and two medullary zones (Ml, Mu) are
shown by double arrows.
clearance values. The qualitatively estimated rate
of mitosis in the cortical epithelium was highest in
the 3D group. Dilation of the tubular lumen with
flattening of tubular cells and distension of inter-
stitial space was quite pronounced in the IOD group
and to a lesser degree in the 3D group. The kidneys
of the 40D group showed some fibrotic regions and
hypertrophy of tubular cells.
Figure 1 gives some examples of local blood flow
values as measured by hydrogen clearance. Con-
trol kidneys weighing 1.2 to 1.3 g were penetrated
with platinum microelectrodes in steps of 250 m.
In similar experiments on the other kidneys, the
size of the penetration step was varied according to
the kidney size. Renal tissue was divided into two
cortical and three medullary zones. Histologic ex-
amination of the renal tissue revealed that both cor-
tical zones belonged to the renal cortex, and the last
three zones encompassed the entire outer medulla.
To compare the relative distribution of tissue per-
fusion in different kidneys, each value for local
blood flow was expressed as a percentage of com-
partmental cortical blood flow obtained from simul-
taneous hydrogen clearance in the renal vein. Ta-
ble 2 gives absolute and relative values of local
blood flow in different renal zones in each group. A
progressive reduction in local blood flow per tissue
weight was obtained in each renal zone up to day 10
after temporary ischemia. A part of the observed
reduction was, however, due to a parallel rise in
kidney weight (Table 1). In the experimental kidney
of the 40D group, both local renal circulation and
kidney weight were not significantly different from
the control values. The relative blood flow in the
outer renal cortex of the ID, 3D, and lOD groups
was significantly lower than it was in controls,
whereas the corresponding values for the medullary
Table 2. Absolute and relative local renal blood flow in regenerating kidneys°
Controls 1 D 3 D 10 D 40 D
Cortex 1
Cortex II
Corticomedullary junction
Medulla I
MedullaIl
5.69
(57)
95.4
5.72
(48)
94.2
4.26
(32)
69.7
2.88
(16)
46.8
2.14
(23)
35.0
1.00
14.4
1.11
15.1
1.07
16.6
0.55
6.3
0.58
10.1
4.25 l.77'
(67)
84.8 186°
4.61 1.21°
(49)
96.8 13.0
3.76 1.48
(32)
71.0 26.5
2.31 0.59°
(19)
49.8 20.7
1.84 0.77
(18)
40.4 17.0
3.34 0.72c
(88)
86.2 16.1°
3.60 0.71°
(57)
94.6 16.3
2.83 0.91°
(39)
75.3 25.3
1,97 0.66°
(26)
51.9 18.5
1.83 0.74
(30)
48.9 21.1°
2.14 0.74c
(24)
82.3 24.5°
2.39 0.62°
(22)
95.5 16.7
1.66 0.70°
(17)
67.4 23.8
1.60 0.68°
(16)
62.3 26.O
1.11 0.66°
(24)
45.8 27.7k
5.57
(36)
94.1
5.74
(24)
96.7
4.32
(19)
73.2
2.95
(12)
50.9
1.86
(16)
32.4
0.94
13.7
0.94
14.9
0.89
14.5
0.51
10.1
0.52
8.8
a The first row of data represents local renal blood flow in mUg tissuemin, and the second row of data gives percentage ratio of local to
compartmental cortical blood flow. Renal zones are defined in Fig. I. All values are the means SD (no. of measurements).
IC P < 0.05, significantly different from control value.
P < 0.01, significantly different from control value.
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zones were higher and had a larger standard devia-
tion than they did in controls. In the experimental
kidneys of the 40D group, relative blood flow in dif-
ferent renal zones was similar to that in the con-
trol group. But, the relative blood flow in both cor-
tical zones was always less than 100%. The dif-
ference was larger in the ID, 3D, and 1OD groups
than it was in the control and 40D groups. The dif-
ference between the compartmental and the mean
local cortical blood flow can be attributed to dif-
ference in the methods of their evaluation, and is
influenced also by change in homogeneity of corti-
cal perfusion (cf. Methods).
Basic data on relative flow for both cortical zones
are plotted as cumulative histograms in Fig. 2. A
comparison of the values from the control and 40D
groups with those from the 1D, 3D, and 1OD groups
show a larger proportion of poorly perfused regions
in the latter. For example, the frequencies of rela-
tive flow rates of 75% or less in the two sets were
about 10 and 30%, respectively. Practically identi-
cal cumulative histograms could be produced by ne-
glecting in each group the relative blood flow values
below 75%, which were rather close to the medul-
lary value. The mean value of relative blood flow in
the remaining cortex ranged between 98.5 and 99%
in different groups.
Table 3 shows compartmental cortical blood flow
determined from the renal vein by taking at least
three measurements at the beginning of each experi-
ment. Further, it gives the values that have been
corrected by multiplying the experimental data with
the weight gain factor for the whole kidney. The
corrected values for compartmental cortical blood
flow were nearly constant within 1 to 10 days after
temporary ischemia, being about 21% below the
control value.
Total kidney blood flow during the experimental
periods was obtained from measurements of com-
partmental cortical blood flow by multiplying the
latter with the ratio of total to compartmental blood
flow for the same kidney. This ratio, which was de-
termined at the end of the experiment by using
Control
10
o 3D
o 1OD
A 40D
flowmeter, was not significantly different among dif-
ferent groups. Its value ranged between 0.84 0.06
(40D) and 0.89 0.07 (lOD). Renal sodium reab-
sorption in excreting kidneys was tentatively calcu-
lated by assuming inulin as a valid marker for gb-
merular filtration. The simultaneously measured
values for sodium reabsorption, and for renal oxy-
gen consumption after weight correction, are sum-
marized in Table 4. One day after temporary is-
chemia, the oxygen consumption of the anuric kid-
ney was 53% of control. On day 3, a further
significant reduction in renal oxygen consumption
was observed, which increased thereafter along
with the rate of sodium reabsorption.
In Fig. 3, the rate of renal sodium transport is
plotted against the oxygen consumption. A signifi-
cant correlation (P < 0.01) between oxygen con-
sumption and sodium transport was found in the
control and in the 40D group. With inulin clearance
assumed to be a valid indicator of GFR in these two
Table 3. Compartmental renal cortical blood flow and the values corrected for renal weight gain after temporary ischemiaa
Controls 1 D 3 D 10 D 40 D
Measured values, mug tissue mm 6.12 0.42
(8)
4.68 O.9O
(8)
4.18 0,62b
(9)
2.88 0.54"
(10)
5.79 0.29
(6)
Corrected values, ,nlIg tissue mm 4.89 076b 4.82 0.72" 4.72 088b
a The compartmental cortical blood flow was determined at the beginning of each experiment from hydrogen clearance in renal vein.
All values are the means SD (no. of experiments) calculated from the mean per animal.
"P < 0.01, significantly different from control value
100
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E
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0
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Relative local cortical blood flow, %
Fig. 2. Cumulative frequency distribution of local flow rate mea-
surements in both renal cortical zones relative to the correspond-
ing compartmental cortical flow determined from renal vein.
Control values are joined by a solid line. D represents the time in
days after temporary ischemia.
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groups, a basal oxygen consumption of 0.91 0.25
tmoles/ming was obtained by linear regression
analysis of the data. This was more precise than the
value obtained from control data alone (1.22 0.65
tmoles/ming). In nonexcreting kidneys in the ID
and 3D groups, oxygen consumption was signifi-
cantly higher than the basal value calculated from
the data of control and 40D groups. A smaller but
significant difference (P < 0.01) was observed in the
1OD group between the measured oxygen consump-
tion and the expected value from calculated sodium
transport.
Discussion
Temporary renal ischemia has often been used to
induce ARF in experimental animals [11, 21]. In the
rat, unilateral occlusion of the renal artery for 1 hr
produces a severe but still largely reversible altera-
tion in renal function and cellular structure [22—24].
In this model of ARF, we found a marked reduction
of urine flow, inulin clearance, and urine/plasma in-
ulin up to day 3. Recovery of urine flow on day 10
was much larger than that of inulin clearance. At
this time, osmolarity of urine, estimated from uri-
nary concentration of sodium and urea, was not
much higher than that of plasma. Finn and Cheva-
lier [22], in a report on comparable development of
renal excretory function in the same model, ob-
served a large increase in fractional sodium excre-
tion on day 7. Accounting for the fact that in this
model uremia, overhydration, and plasma elec-
trolyte changes were prevented by the intact con-
tralateral kidney, the development of urine flow as
well as solute excretion and the alterations of kid-
ney weight in the course of its recovery were com-
parable with those seen in ARF in man [1, 2, 25].
In recent studies, the major role of renal vaso-
constriction in maintaining renal functional impair-
ment has been questioned [11, 26]. During the mani-
festation time of ARF in this study (1 to 10
days), different blood flow values per corrected tis-
sue weight were essentially constant although inulin
clearance rose from 0 to 14% of control during this
time. Although blood flow in the outer cortex was
around 30% below normal, the reduction in the in-
ner cortical flow was nearly 20%. The medullary
blood flow was hardly affected. Futhermore, corti-
cal perfusion in these kidneys was less homoge-
neous than in the control kidneys. Because the as-
sumption of uniform weight gain throughout the
damaged kidney cannot be readily tested, an appar-
ent redistribution of blood flow due to a reciprocal
change in the local tissue weight cannot be ruled
out. The fact that no correlation was found between
cortical perfusion rate and inulin clearance during
the manifestation of ARF indicates a subordinate
role of renal cortical blood flow, or total cortical
vascular resistance, for the kidney function during
this period.
Using the same model but different methods,
Steinhausen et al [14, 15, 27] have investigated in
this laboratory renal circulation on the third post-
ischemic day. Using the cine technique [27], they
reported a 25% reduction in blood flow in the super-
ficial vessels of the renal cortex, a nearly 15% in-
crease in papillary vasa recta flow with the kymo-
graphic method [15], and a 10% reduction in total
kidney blood flow measured by renal vein can-
nulation [14]. Accounting for the methodologic dif-
ferences, these data are similar to ours. Others [22,
28, 29] have reported a much larger reduction in
renal blood flow at different times after ischemic
damage in the same model. The blood flow mea-
sured with the electromagnetic flowmeter was re-
duced by 48% and 54% after 1 hr and 1 day, respec-
tively [28], and by 74% after 1 week [22, 29]. In
Table 4. Data regarding renal oxygen consumption and sodium reabsorption in regenerating kidneys"
Controls
(13)
1 D
(10)
3 D
(10)
10
(
D
11)
40 D
(9)
Totalkidney blood flow, 5.23 0.62 4.15 0.81" 4.23 0.66" 4.25 0•97b 4.94 0.41
mug mm
i A-V02, vol% 1.95 0.19 1.38 0.30" 1.11 0.18"' 1.22 0.19" 1.40 0.11"'
Qo,,pinoleslg mm
TNa, ,wnoles/g mm
4.57 0.58
118 17
2.43 018b
—
2.09 031b,d
—
2.31 038b
20.4 l7.7
3.05
73.7
040b,d
16.6" d
° All values are mean SD. Parentheses contain the number of periods in which all parameters were measured. Total kidney blood
flow has been corrected for weight gain in kidney after temporary ischemia. Abbreviations are i A-V02, oxygen concentration difference
(STP) between arterial and renal venous blood; Qo,, renal oxygen consumption rate; and TN, sodium transport rate calculated from
inulin clearance.
b P < 0.01, significantly different from control value.
P < 0.05, significantly different from preceding value.
d P < 0.01, significantly different from preceding value.
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addition, the renal blood flow measured by PAH
extraction in the 2nd, 4th, and 8th week was 69, 61,
and 35% below normal, respectively [22]. It is not
clear, however, to what extent this discrepancy is
due to minor differences in experimental procedure
or to the different methods for evaluating renal
blood flow. One day after similar but bilateral tem-
porary ischemia, renal cortical blood flow was found
to be normal [26, 30]. The higher tubular stop flow
pressure following bilateral compared to unilateral
temporary renal ischemia reported by Tanner and
Sophasen [21] also indicates greater cortical blood
flow in the bilateral model.
In addition to hemodynamic changes, other
prominent features during the manifestation of ARF
in this model include tubular obstruction [6—8, 21—24,
28-30] and tubular leakage [8, 9, 22, 3:1, 32]. In this
study, a partial recovery of inulin clearance on day
10 was accompanied by a significant reduction of
tubular casts. In sequential histologic examinations
[22-24, 29] tubular casts have been found to dimin-
ish rapidly within 1 week and then more slowly so
that practically none were left within 40 days. Be-
cause the functional obstruction of a nephron is re-
moved with its last tubular cast, the number of non-
obstructed nephrons may be expected to rise more
rapidly during the later phase. This would indicate a
close correlation between recovery of renal func-
tion and number of nonobstructed nephrons in this
model. A gradual renormalization of abnormally
high tubular permeability in the damaged kidney,
indicated by dye diffusion in our experiments, has
also been demonstrated by tubular microinjection
technique [9, 22].
Micropuncture studies have shown hetero-
geneously elevated pressure in superficial proximal
convolutions [6, 9, 21, 22, 28, 29, 32]. The effective
filtration pressure, though reduced, has been found
to be always positive [21, 22, 28]. The single neph-
ron GFR, measured by collecting tubular fluid, was
about 70% of control within a few hours after tem-
porary ischemia [32, 33], although total kidney
clearance of the filtration markers was severely re-
duced. Similar results were also obtained 1 day af-
ter bilateral temporary ischemia [21]. This indicates
a high potential of the glomerulus to produce a fil-
trate in the damaged kidney. In our experiments, a
residual filtrate in the anuric kidneys of the lD and
3D group was indicated by the regular appearance
of i.v. applied lissamine green in the proximal con-
volutions. This has been also reported by others
[14, 28]. With the ferrocyanide technique, similar
findings for deeper nephrons have been shown [34].
Furthermore, Fry and Cattell [35] have pointed out
that an immediate, dense nephrogram in patients
with ARF following infusion of a contrast medium
that is predominantly excreted by glomerular filtra-
tion, is evidence against ceased filtration. This fil-
trate, which cannot be quantified by conventional
techniques, must have been totally reabsorbed by
active transport and passive diffusion in the ob-
structed nephrons.
Using the micropuncture technique, Tanner et al
[21, 32] have shown that reabsorption of inulin-free
fluid in the proximal tubules of postischemic kid-
neys is only moderately lower than it is in normal
kidneys. Their data suggest that a significant part of
the residual ifitrate in the damaged kidney is reab-
sorbed via active sodium transport. Metabolic in-
vestigations on the cortex slice and renal homoge-
nate in different models of ARF also indicate only a
marginal reduction of transport capacity in the
tubular cells of damaged kidneys. In rat kidneys 1
day after unilateral 1-hr ischemia, oxygen consump-
tion of the kidney cortex slice was 35% below con-
trol level, and an uncoupling of oxydative phospho-
rylation was excluded [36]. Other data obtained at
earlier postischemic times [36—39] are compatible
with these results. In the severely uremic mouse 2
days after mercuric chloride application, oxygen
consumption of the renal cortical slice decreased by
25%, whereas the inhibition of oxygen uptake by
ouabaine remained unchanged [40]. One day after
ARF was induced by glycerol, the oxygen con-
sumption of renal cortical slices in young rats (180
to 200 g) and older rats (350 to 500 g) was 25 and
73% below the normal level, respectively, and re-
normalized gradually within 28 days [41].
It has been well established that the rate of oxy-
gen consumption by the kidney consists of an oxy-
gen cost of active sodium reabsorption, plus a con-
stant basal consumption [42]. Basal oxygen con-
sumption of normal rat kidneys, which—due to the
narrow range in variation of sodium transport—
could not be reliably assessed from the data of con-
trol kidneys alone, was calculated from the pooled
data of the control and 40D groups. The kidneys of
the 40D group were normal except for some fibrotic
regions and hypertrophy of tubular cells. The calcu-
lated basal consumption of 0.91 (SD) 0.25 moles/
g mm lies within the range of values reported for
the dog kidney [42]. For the sake of simplicity, in-
cremental oxygen consumption due to additional
kidney weight was neglected (Fig. 3). It has been
reported that the increase in kidney weight during
ARF is mainly due to accumulation of water in kid-
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TN+, rnoIes/min g kidney
Fig. 3.Relationship between the rates of renal oxygen consump-
tion (Qo) and sodium reabsorption (TN). Symbols for different
groups (days after temporary ischemia) are shown in the inset.
Values for Qo in nonexcreting kidneys are given in the left part.
Regression line was calculated from the values of control and
40D groups.
ney tissue [36, 41, 43]. This simplification is justified
for the 1D and 3D groups, in which kidney weight
increased by 18% or less, but it may have slightly
overestimated the oxygen consumption in the 1OD
group in which mean kidney weight increased by
70%.
Oxygen consumption in the nonexcreting kidneys
of the 1D and 3D groups was 167 and 130% higher
than the basal value. This rise is equivalent to an
oxygen cost for 43 and 33% of the mean sodium
transport in the control kidneys, respectively. A
smaller but significant discrepancy between renal
oxygen consumption and sodium transport was also
observed in the 1OD group (Fig. 3). Bàlint and
Szöcs [44] did not find such an increase in oxygen
consumption in the postischemic kidneys (3 to 16
days) of uninephrectomized dogs. The relatively
small difference at this time may have remained un-
noticed, because the calculated control basal oxy-
gen consumption in their study was almost double
the value from other investigations [42], and no cor-
rection was made for changes in the kidney weight.
The cause of additional oxygen consumption cannot
be unequivocally determined from our data. An in-
crease in oxygen consumption due to uncoupled
oxidative phosphorylation seems unlikely accord-
ing to results from kidney slice metabolism [36].
The extent to which processes involved in the re-
generation of tubular cells may consume such large
amounts of oxygen is not clear. In contrast to the
oxygen consumption data, the maximal rate of cell
regeneration in this and other studies using different
models was found on day 3 [23, 24, 41, 45]. Tenta-
tively, we propose a further possibility according to
which a persisting residual ifitrate in obstructed
nephrons contributes to oxygen consumption by
promoting active sodium reabsorption. Accord-
ingly, GFR in nonexcreting nephrons must have de-
creased from the 1st to the 10th postischemic day.
The rate of filtration and total reabsorption may de-
crease with regeneration of tubular cells. These
would resist a passive backflow of unreabsorbed
solutes, thereby increasing the infratubular pres-
sure. Alternatively, or additionally, GFR may also
have been decreased by a progressive reduction in
glomerular capillary pressure due to some slow
feedback mechanism, increasing thereby the ratio
of pre- to post-glomerular resistance rather than the
total vascular resistance. The gradual reduction in
glomerular capillary pressure, which has been re-
peatedly shown up to 1 day after temporary renal
ischemia [21, 28, 29] as well as after experimental
tubular obstruction [46, 47], was accompanied by a
rise in total vascular resistance. These results, how-
ever, do not rule out a long-term reduction in post-
glomerular resistance.
In conclusion, the functional data from the regen-
erating kidneys in the present experimental model
are comparable to those reported for ARF in man.
A marginal reduction in cortical blood flow during
the manifestation of the syndrome does not seem to
play the major role in severe loss of renal function
in this model. Before restoration of the excretory
function in the damaged kidney, a significant reduc-
tion in the initially elevated oxygen consumption
above the basal level was observed. A quantifi-
cation of the totally reabsorbed glomerular filtrate,
hypothesized to be the primary cause of the addi-
tional renal oxygen consumption, may lead to a
clearer understanding of the mechanisms involved
in ARF.
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